ABSTRACT Aquaculture of the northern quahog (¼hard clam) Mercenaria mercenaria (Linnaeus, 1758) is widespread in shallow waters of the United States from Cape Cod to the eastern Gulf of Mexico. Grow-out practices generally involve bottom planting and the use of predator exclusion mesh. Both the extent and scale of clam farms have increased in recent decades resulting in concerns regarding the impacts of these practices on estuarine fauna. Seasonal distribution, abundance, biomass, species richness, and community composition of nektonic, demersal, epibenthic, and infaunal organisms were examined in cultivated and uncultivated shallow-water habitats in Virginia and New Jersey. The results reveal that clam aquaculture, as practiced in both Virginia and New Jersey, has remarkably few quantifiable impacts on estuarine fauna. Seasonal variations were observed in the biota, but of the 39 population and community metrics tested, mean values associated with 26 did not differ between cultivated and uncultivated areas, 5 had decreases and 8 had increases. For recently harvested areas, 32 of 39 variables were not different from uncultivated areas, 6 decreased in at least one season, and 1, blue crab biomass, had a marginal increase. Decreases were observed in the abundance and biomass of infauna (exclusive of the cultured clams) on clam farms, including in harvested areas, relative to natural uncultivated areas. This was accompanied, however, by substantial increases in epibenthic macroalgae, which in some cases supported increased epifaunal species richness and abundance relative to uncultivated areas. Habitat use by finfish, crustaceans, and terrapins was largely unaffected by the presence of clam farms.
INTRODUCTION
Aquaculture production of northern quahog (¼hard clam) Mercenaria mercenaria along the Atlantic and Gulf of Mexico coasts of the United States has grown dramatically over the past 25 y, with current production exceeding $59 M (National Agricultural Statistics Service 2014). Production occurs in shallow subtidal and intertidal soft-sediment habitats where clams are planted in the sediments and generally covered with predator exclusion nets. With the expansion of this industry has come an interest in the ecological effects associated with clam production in these shallow coastal environments. Although there have been a substantial number of studies on the ecological effects of suspended and epifaunal bivalve culture (see NRC 2010 for a recent compilation), less is known about the ecological effects of the culture of infaunal bivalves. Early studies on clams (Menzel & Sims 1964 , Castagna 1970 , Walne 1974 , Menzel et al. 1975 , 1985a , 1985b , 1989 , Miller et al. 1978 , Glock & Chew 1979 , Anderson & Chew 1980 , Anderson 1982 , Spencer et al. 1991 , Toba et al. 1992 ) examined the effects of bottom netting and other means of predator protection in the success of growing clams from seed to market size.
More recent studies have revealed that intensive aquaculture of infaunal clams can alter bottom habitats, affect benthic and demersal communities, and alter biogeochemical processes. Several studies have revealed enhanced sedimentation rates, reduced grain size, and/or increased sediment organic content associated with clam culture (Mojica & Nelson 1993 , 1997 , Goulletquer et al. 1999 , Jie et al. 2001 , Munroe & McKinley 2007 , whereas others have reported changes in nutrient dynamics (Bartoli et al. 2001 , Nizzoli et al. 2006 , 2011 , Murphy et al. 2015 . In general, these studies have shown moderate organic enrichment of bottom sediments, enhanced nutrient regeneration and, in contrast to suspended mussel culture, little or no hypoxia generation (Nizzoli et al. 2006 , 2011 , Murphy et al. 2015 .
Other studies have investigated the effects of clam aquaculture on infaunal, epifaunal, and demersal assemblages (Whiteley & Bendell-Young 2007 , Powers et al. 2007 , Dumbauld et al. 2009 , Coen et al. 2011 . These studies reveal that aquaculture activities-planting and harvesting-serve as pulse disturbances and recovery rates of most faunal assemblages are on the order of 1 mo to 1 y, depending on the scale of the disturbance and the availability of new recruits . Increased abundance of infaunal groups also has been observed in clam culture sites relative to uncultivated control sites (gammarid amphipods and nemertean worms: Thompson 1995; deposit-feeding polychaetes: Spencer et al. 1996 Spencer et al. , 1998 . Predator exclusion nets have been found to create a ''reef effect'' by enhancing abundance of both macroalgae and epifauna (Powers et al. 2007 , Dumbauld et al. 2009 . Powers et al. (2007) observed comparable abundances of juvenile fishes and motile invertebrates associated with macroalgae on a clam farm and nearby seagrass habitat, both of which exceeded the abundances observed on adjacent sandflat habitat. This result is similar to that found for geoduck farming, where few long-term effects due to the tubing and net systems used for planting or the disturbance caused by subsequent harvest have been observed . Here, too, the major difference in fauna was the ''reef effect'' with gear increasing the abundance of transient epifauna . These studies leave unresolved the question of the net effect of clam culture on estuarine fauna. This study examined the effects of aquaculture practices for the hard clam Mercenaria mercenaria on the ecology of shallow-water habitats, specifically, the seasonal distribution, abundance, biomass, species richness, and community composition of nektonic, demersal, epibenthic, and infaunal organisms in cultivated and uncultivated shallowwater habitats in Virginia and New Jersey. The overall goal was to understand how clam farms affect estuarine fauna to support the development of best management practices and sustainability of the industry.
MATERIALS AND METHODS

Study Sites
Studies were carried out on two commercial hard clam (Mercenaria mercenaria) farms: one in Dry Bay, New Jersey, and the other in Cherrystone Creek, Virginia (Fig. 1A) . The Dry Bay site is surrounded by Spartina marshes in a tidal embayment situated in the mid-New Jersey coast on the mainland side of a barrier island/bay lagoon system. It is immediately adjacent to the Brigantine Division of the Edwin B. Forsythe National Wildlife Refuge, and has been a site of clam aquaculture since the mid-1970s. The average depth is less than 2 m, and on all but the most extreme low tide the area is covered by about 0.25 m of water. Most of the embayment is leased for clam cultivation and there are 157 leases totaling about 370 acres (1.5 km 2 ). The study site was near the backside of the lease areas and is operated by Mathis and Mathis Enterprises. There were approximately 100 plots on this lease. As is typical in New Jersey, each bed is covered by a polyethylene predator exclusion net measuring ;4.2 m 3 5.1 m. After the first winter, these nets are removed for the winter and replaced in the spring to avoid ice damage.
The Cherrystone Creek, VA, site is a small tidal embayment on the southeastern margin of Chesapeake Bay. This shallow embayment, with an average depth of less than 2 m, is a productive clam-growing area and one-third (1.9 km 2 ) of the subtidal bottom area is held as 37 separate, private shellfish leases. The study site, leased and operated by Cherrystone AquaFarms Inc., is one of the largest clam farms in Virginia, with over 1,000 individual beds, each measuring approximately 4 m 3 17 m. As in New Jersey, polyethylene predator exclusion nets cover these beds.
Study Design
Sampling was conducted during the spring, summer, and fall of 2009. At each site, working in collaboration with the farmer, three bottom types were identified: (1) cultivated ¼ habitats with nets covering clams greater than 6 mo old; (2) recently harvested ¼ habitats formerly covered by nets, but harvested within the previous 1.5 mo; (3) uncultivated ¼ habitats adjacent to the clam farms with similar water depth and bottom type, but without nets or structures (Fig. 1B) .
Motile fauna were collected in the three habitat types using fyke nets and haul seines in a series of day/night samplings at three times (spring, summer, and fall 2009) at both locations. Three replicates of each habitat type were selected from the available habitats on each clam farm. One replicate of each bottom type was sampled per day over a 3-day period with an array of three fyke nets designed to sample organisms moving over clam nets (Fig. 2) . The fyke nets were made of 12.7-mm mesh and had 3-m-long wings 1.2-m high that funneled into a 0.9 3 0.9 m mouth opening. Two nets were arranged along the long axis of a clam bed and connected via a leader net; a third net was arranged perpendicular to these nests, with its leader net extending toward the center line between the other two nets. The fyke nets were deployed for 24-h periods to capture organisms using each habitat type during day and night over varying tidal stages. The entire sampling procedure was repeated over three consecutive days to provide three replicates of each habitat type. All organisms caught in the fyke nets were identified to species, measured, and total wet weight for the species recorded in the field. A few individuals of each species were kept as voucher specimens and others were released at the site. Individual wet weights and length measures were recorded for selected species.
At separate locations within each farm, hand-towed haul seines of 4.8-mm knotless mesh 6-m wide 3 1.2-m high with a 1.2-m-long cod-end bag were used to sample different components of the motile biota. A total of three replicate daytime tows were collected near low tide from each habitat type during each sample season. In New Jersey, the seines were towed for 6 m across the clam habitats. In Virginia, the initial tows taken in the spring were 15 m long; however, during the summer and fall when macroalgal biomass on the nets was greater, seine tows were shortened to 11 m. To facilitate comparisons of seine data between the two states, abundance and biomass data from seine samples in Virginia were normalized to 6-m tows. All samples were collected in fine mesh bags, preserved, sorted, identified to the lowest possible taxon, and dry weights of selected groups measured.
Benthic macroalgae are often present in high abundance on the nets covering actively growing clams. The attached macroalgae can provide habitat for numerous macrobenthic organisms that are not readily caught in the fyke nets, or haul seine samples. Thus, during each of the seasonal sampling events, this macroalgae and associated fauna were quantitatively sampled by placing a 30.5-cm-diameter cylinder on the net surface and a suction sampler with a 2-mm mesh bag was used to remove all of the contents. This sampling gear is similar to that used by Powers et al. (2007) to sample similar habitats. Five haphazardly located replicate samples were collected from each of three replicate nets covering clams greater than 6 mo old. Fifteen samples were similarly collected from both recently harvested and uncultivated habitats, with care taken to suction sample only the top few centimeters of surficial sediments. Algae were separated from the fauna, identified to the lowest possible taxon, and total dry weight biomass determined. Fauna were preserved, identified to the lowest possible taxon, enumerated, and biomass determined for major taxa groupings.
Deeper dwelling macrobenthic organisms were sampled using 10-cm-diameter cores to a depth of 15 cm during the fall sample period only in the three habitats (cultivated, recently harvested, and uncultivated); in New Jersey, additional samples were also collected from recently planted (<3 mo. old) beds, and in Virginia, samples were taken in the rows between the beds. Three replicates of each habitat type were randomly selected, nets were temporarily removed from the cultivated habitats and six haphazardly located replicate cores were collected. Contents of each core were sieved on a 1-mm mesh sieve and all macrofauna (including the clams) retained on the sieve were preserved, identified to the lowest possible taxon, and dry weight biomass determined for major taxa groupings (clams, other bivalves, other molluscs, arthropods, annelids, and others).
Temperature, salinity, and dissolved oxygen were recorded on each sampling date with a YSI meter.
Data Analysis
The data sets from Virginia and New Jersey were analyzed separately for several reasons. First, clam farms at the two sites were quite different. In New Jersey, the predator exclusion nets were considerably shorter (;6 m) than those in Virginia (;15-18 m), and the farms differed considerably in the number of beds, approximately 100 beds in New Jersey and over 1,000 in Virginia. Second, regional differences in taxa make direct comparisons less appropriate. Finally, initial joint analyses of some of the data made it apparent that most such analyses would result in significant interaction terms, necessitating that the data sets be parsed for separate analyses.
For the fyke net, seine, and suction sample, two-way, fixed factor analysis of variance (ANOVA) data were used to evaluate the effects of habitat type and season on response variables, including overall abundance, biomass, and species richness. When assumptions of normality and homoscedasticity were not met, the data were transformed using natural log and square root transformations and tested again. If assumptions were still not met, nonparametric Kruskal-Wallis tests were run on individual main effects. When significant interactions between main effects were observed in two-way ANOVA, the dataset was parsed and the effects of habitat type within each season and the effects of season within each habitat type were tested separately using one-way ANOVA or Kruskal-Wallis tests as appropriate. TukeyÕs pairwise multiple comparison tests, with an experiment-wise error rate equal to 0.05, were used post hoc to determine differences between means when significant main effects were observed.
Benthic core samples for infaunal macrobenthic invertebrates were collected only during the fall, so one-way ANOVA or Kruskal-Wallis tests, as appropriate, used to test for the effects of habitat type on abundance, biomass, and species richness. TukeyÕs pairwise multiple comparisons tests were again used to evaluate difference between pairs of means.
To compare finfish, epifaunal, and infaunal community compositions across habitat type, nonmetric multidimensional scaling (nMDS) was performed on square root transformed data using Bray-Curtis similarity matrices, followed by analysis of similarity (ANOSIM) to evaluate the significance of observed patterns. When differences in community composition were indicated by ANOSIM, similarity percentage analysis was performed to identify the species primarily responsible for differences across habitats. Each of these analyses was performed using PRIMER software.
RESULTS
Over 23,000 individual organisms were collected and 137 taxa were identified, mostly to species level, across all habitats, gear types, and seasons throughout the study (Appendix , Table A1 ).
Physical Data
Tide data collected from nearby NOAA tide gages indicated that tidal amplitude was greater at the New Jersey site (1.07 m neap, 1.22 m spring) than the Virginia site (0.70 m neap, 0.85 m spring). Temperatures were slightly warmer at Virginia and salinities were more variable at the New Jersey site (Table 1) . Dissolved oxygen was similar in the spring and fall at both sites, and both experienced a drop in oxygen during the summer.
Nekton and Demersal Fauna
Over 11,600 individual organisms were caught in all gear used to collect nekton and demersal fauna (fyke nets and haul seines) over the course of the study. Forty-three species of fish, 18 species of decapods, and 1 species of reptile were identified among these specimens across the two study areas (Appendix ,  Table A1 ). Because each gear type generally collected different species, the findings are presented below by gear type for both the New Jersey and Virginia sites.
Fyke Net Samples
Species Richness
The mean number of species captured during a 24-h sample period in the fyke net arrays ranged between 3.7 for the uncultivated site in New Jersey during the fall to 14.7 for the uncultivated site in Virginia during the summer. Species richness in Virginia varied significantly by season with greater values in summer than either the fall or spring. Neither habitat type nor the interaction between habitat type and season had a significant effect on species richness in the Virginia samples (Table 2) . In New Jersey, species richness in the fyke net samples also varied by season, but in this case both summer and spring samples had higher species richness than the fall samples. There was no significant effect of habitat type or its interaction with season on species richness in New Jersey (Table 2) .
Finfish
Finfish abundance patterns in the fyke net samples differed markedly between Virginia and New Jersey (Fig. 3) . Abundances in Virginia were at their lowest during the spring sampling period with marked increases observed in all habitats in the summer and fall. In contrast, in New Jersey, finfish abundances remained relatively low through the spring and summer before increasing in the fall (Fig. 3) . In Virginia, the numerically dominant fish species varied with season, with the American eel Anguilla rostrata (Lesueur, 1817), followed by the Atlantic silverside Menidia menidia (Linnaeus, 1766), the most abundant fish in the spring. In summer spot, Leisotomus xanthurus (Lacepede, 1802) were abundant in all habitats, but silver perch Bairdiella chrysoura (Lacepede, 1802) were more abundant over uncultivated habitats than either the clam or harvested sites (ANOVA: F ¼ 115, P < 0.001). By fall, silver perch became the most abundant fish species over all areas with more being caught over the clam habitat. In New Jersey, silver perch were the most abundant fish across all habitat types in all seasons. In spring, the American eel was the second most abundant fish in each habitat, but during summer and fall, small black sea bass Centropristes striatus (Linnaeus, 1758) became the second most abundant species, and generally occupied all habitats equally.
A significant interaction was observed between habitat type and season on total fish abundance in Virginia. One-way ANOVA for the effect of season on finfish abundance revealed differences only in the uncultivated habitat where fall abundances exceeded summer abundances that in turn exceeded spring abundances (Table 2) . During the summer, finfish abundance in the uncultivated habitat exceeded that observed in the clam habitat in Virginia (Table 2) . For the New Jersey data, finfish abundance varied with season, but not with habitat or the interaction of the two, with abundances in the fall exceeding those in the summer and spring ( Table 2) .
The average length of finfish captured in the fyke nets, which largely reflects the seasonal changes in species composition, also varied across season at the two study sites ( Table 2 ). The larger mean size of fish caught in the spring in Virginia and the spring and summer in New Jersey reflects a greater abundance of American eels at those times. No effect of habitat type on fish length was observed in Virginia or New Jersey. Fish wet weight biomass (measured only in New Jersey) was lower in the summer Physical parameters from each of the two study sites. than in the spring. There were no significant effects of habitat type or its interaction with season on fish biomass (Table 2) .
Fish Community Structure
Nonmetric multidimensional scaling plots revealed clear differences in fish community structure in Virginia across season, but no clear pattern across habitat type (Fig. 4A) . Analysis of similarity confirmed these differences among seasons (R ¼ 0.83, significance level ¼ 0.1%). In contrast, fish community composition over clam nets and uncultivated sites had only modest levels of dissimilarity (R ¼ 0.48, significance level ¼ 1.3%), whereas fish communities were very similar over clam nets and harvest sites (R ¼ 0.21, significance level ¼ 4.0%) and harvest sites and uncultivated sites (R ¼ 0.20, significance level ¼ 9.4%). Similarity percentage analysis revealed that the modest differences in fish community structure over clam nets and uncultivated sites were driven by slightly greater abundances of silver perch, American eel, hogchoker, menhaden, and summer flounder over uncultivated areas relative to clam nets.
For the New Jersey data, nMDS plots ( Fig. 4B ) and ANOSIM revealed differences in fish community structure among seasons (R ¼ 0.58, significance level ¼ 0.1%), but not between habitat type (R ¼ -0.04, significance level ¼ 64.4%).
Crustaceans Dominant species of crustaceans captured in the fyke nets included the blue crab Callinectes sapidus (Rathbun, 1896) and grass shrimp Palaemonetes spp. Seasonal patterns of crustacean abundance varied between Virginia and New Jersey. In Virginia, there was no effect of habitat type or its interaction with season on the mean abundance of crustaceans, but there was a significant effect of season, with summer having greater abundances than either spring or fall (Table 2) . In New Jersey, there was a nonsignificant trend of greater crustacean abundance in the harvested sites than in either the clam beds or uncultivated sites, and there was no interaction between habitat type and season.
Crustacean abundance varied significantly with season, with significantly greater abundances in the spring compared with the summer and fall (Table 2) . Wet weight biomass of blue crabs caught in the fyke net arrays (New Jersey only) varied with habitat type and season, but not the interaction between these factors (Table 2) . Post hoc multiple comparisons were unable to distinguish differences between pairwise combinations of habitat type means (Table 2) ; however, it is evident from inspection of the data that the greater blue crab biomass in samples from harvested areas was responsible for observed differences. Significantly greater blue crab biomass was collected in the spring than the fall, with comparable amounts in the spring and summer (Table 2) .
Diamondback Terrapins
Though not a target species in the sampling regime, diamondback terrapins [Malaclemys terrapin (Schoepf, 1793)] were captured in fyke net samples during all seasons at the New Jersey site with mean abundance peaking at 25 individuals in the summer. None were caught at the Virginia site during this study; however, in subsequent sampling on this clam farm in Virginia, Luckenbach has caught this species in similar fyke net arrays. In New Jersey, there was no interaction between season and habitat type nor an effect of habitat type on terrapin abundance, but there was a significant effect of season, with summer having greater numbers than either the spring or fall (Table 2) .
Seine Samples
Species Richness
The average number of species caught in the seine samples varied from a low of 2.2 over the uncultivated bottom in Virginia during the spring to 9.0 over recently harvested bottom habitat in Virginia during the summer. Species richness varied significantly with season in Virginia, the summer having higher values than either the fall or spring. No significant variation between habitat types was observed in Virginia nor was there a habitat type by season interaction. In New Jersey there were no significant effects of either season or habitat type or their interactions on species richness in seine samples (Table 3) .
Finfish Abundance
Numerically dominant fish caught in the seine net in Virginia were silver perch, Atlantic silversides, and bay anchovies [Anchoa mitchilli (Valenciennes, 1848)]. In New Jersey, Atlantic silversides and bay anchovies were the most common fish caught in the seine; silver perch were not caught in New Jersey seine samples. Fish abundances were greater in Virginia than in New Jersey during the summer, but comparable during the fall and lower during the spring. Significant effect of season on fish abundance was observed in both Virginia and New Jersey with greater fish abundance in the summer in Virginia and summer abundances exceeding fall abundances in New Jersey. No significant effect of habitat type on finfish abundance was observed at either location (Table 3) .
Crustaceans Abundance
The numerically dominant crustaceans captured in the seine nets in Virginia were grass shrimp Palaemonetes vulgaris (Say, 1818), Palaemonetes pugio (Holthuis, 1949), and P. intermedius (Holthuis, 1949); broke-backed shrimp Hippolyte pleuracantha (Stimpson, 1871); and juvenile blue crabs. In New Jersey, grass shrimp, equal-clawed mud crabs Dyspanopeus sayi (Smith, 1869), sand shrimp Crangon septemspinosa (Say, 1818), and blue crabs were the numerically dominant crustaceans collected in the seine samples.
A significant interaction was observed between habitat type and season on crustacean abundance in the seine samples from Virginia, so separate one-way ANOVA were run for the effects of habitat type within each season and the effects of season within each habitat type. For three of the six one-way analyses, the data failed to meet the assumption of normality, so nonparametric Kruskal-Wallis tests were run (Table 3 ). The results reveal that in the spring, areas with clams had greater abundance of crustaceans than uncultivated areas, with all other pairwise comparisons between habitat types being equal. Despite the high mean abundance of crustaceans found in uncultivated areas in the summer (Fig. 5A ), no significant difference was observed between habitat types (Table 3) in Virginia, a result of high variation in the numbers of grass shrimp collected per tow. Significantly greater crustacean abundance was observed in fall seine samples from the clam areas than either the harvested or uncultivated areas (Table 3) . The greater abundance of crustaceans in clam culture areas was driven by the high abundances of Palaemonetes vulgaris and Hippolyte pleuracantha at these locations. Within clam beds in Virginia, the seasonal abundance of crustaceans varied by season with fall having a greater abundance than spring and summer (Table 3 ). The abundance of crustaceans in the harvested areas did not vary across season in Virginia. At the uncultivated sites, abundances in summer were greater than those observed in the spring and fall (Table 3) .
A significant effect of season on crustacean abundance was observed in seine samples from New Jersey, with abundances in the spring exceeding those in the summer and all other pairwise comparisons were nonsignificant. There were no significant habitat types or interactive effects (Table 3) . The relatively higher abundances of crustaceans in clam bed areas during the spring and fall in New Jersey (Fig. 5B ) are attributable to grass shrimp and sand shrimp, but these were patchily distributed between replicate tows resulting in high variance and a lack of statistical difference between habitat types. The apparently greater abundance of crustaceans in the harvested areas during the summer in New Jersey (Fig. 5B) is the result of a single sample having 198 equal-clawed mud crabs. Macroalgae, Epifauna, and Infauna
Suction Samples
In the clam habitats, suction samples collected macroalgae on net surfaces and the associated epifauna. The nets largely restricted the collection of infaunal benthos. In contrast, at the harvested and uncultivated sites, these samples collected the epibiota and incidentally some shallow infaunal macrobenthic invertebrates. Though referred to as epifauna in the following sections, some of these samples include shallow infauna.
Epifaunal Species Richness
The mean number of epifaunal species collected in the suction samples ranged from a low of 1.4 in harvest areas in Virginia during the spring to a high of 14.3 at uncultivated areas in New Jersey during the spring (Fig. 6A, B) .
Two-way ANOVA for the effects of habitat type and season on species richness in the suction samples from Virginia revealed a significant interaction between main effects, so the data were parsed and separate one-way ANOVA were run for the effects of habitat type within each season and the effects of season within each habitat type (Table 4 ). There was a significant difference in species richness between habitat types with clam culture areas having greater richness than the harvested and uncultivated areas (Table 4 , Fig. 6A ). Analysis of variance revealed a significant effect of habitat type during the summer, but TukeyÕs test failed to detect a significant difference between the habitats. During the fall, the same pattern was observed as in the spring with significantly higher species richness on the clam nets compared with the harvested and uncultivated areas (Table 4) . Clam nets had significantly greater species richness during the fall than in other seasons (Table 4 , Fig. 6A ). Though seasonal variation in species richness at the harvested and uncultivated areas was observed, these differences were not statistically significant.
In New Jersey, epifaunal species richness varied across season with spring and fall values being significantly greater than those in the summer. There was no significant effect of either habitat type or the interaction between season and habitat type on species richness (Fig. 6B, Table 4 ).
Epifaunal Abundance
The numerically dominant epifauna collected from clam nets in Virginia were amphipods Gammarus mucronatus (Say, 1818) and Melita sp.; a decapod the broke-backed shrimp; and two small gastropods the black-lined triphora Marshallora nigrocincta (Adams, 1839) and the lunar dove snail Astyris lunata (Say, 1826). In harvested and uncultivated areas in Virginia, the numerically dominant epifauna were two different amphipods, Ampelisca sp. and Corophium sp. and two gastropods, the mud snail Tritia (formerly Ilyanassa) obsoleta (Say, 1822) and the solitary paper bubble Haminoea solitaria (Say, 1822). In New Jersey, the numerically dominant epifauna on the clam nets were mysid shrimp Neomysis americana (S.I. Smith, 1873); grass shrimp Palaemonetes vulgaris; the amphipod Ampelisca spp.; and two mud snails, the eastern mud snail T. obsoleta and threeline mud snail Tritia trivitatta (Say, 1822). Harvested and uncultivated sites were dominated by ampeliscid amphipods and mysid shrimp.
Epifaunal abundance patterns in Virginia varied with both habitat type and season (Fig. 6C, Table 4 ). Two-way ANOVA for the effects of habitat type and season on abundance revealed a significant interaction between the main effects, so the data were parsed and separate one-way tests for the effect of habitat type within each season and the effects of season within habitat type were run (Table 4 ). Significant effects of habitat type were found in all seasons (Table 4) , with clam nets always having the greatest abundance of epifaunal organisms. Seasonal effects were also observed in all habitat types (Table 4) , with biggest effects observed on the clam nets. Somewhat surprisingly, the peak abundance of epifauna was observed on the clam nets in the fall when macroalgal biomass was lower than during the spring and summer sampling periods (see section below on Macroalgal Biomass).
In New Jersey, epifauna abundance varied significantly with habitat type and season without any significant interaction (Table 4) . In contrast to Virginia, epifaunal abundance was greatest in uncultivated areas and lowest on clam nets (Fig. 6D) . A partial explanation for this difference between the Virginia and New Jersey study sites may lay in the fact that macroalgae is more common in the harvested and uncultivated areas in New Jersey than in Virginia (see section on Macroalgal biomass below), and ampeliscid amphipods dominate abundance numbers by an order of magnitude in New Jersey relative to Virginia. Mysid shrimp were also locally abundant in New Jersey, but were absent in Virginia. At the New Jersey site, ampeliscids form extensive beds of mud tubes, and clam farmers consistently monitor culture areas for these tubes and scrape them clean as necessary. The seasonal pattern of epifauna abundance in New Jersey was similar to that in Virginia with greatest values found in the fall and lowest values in the summer (Table 4) .
Epifaunal Biomass
Though they are likely an important food source for higher trophic levels, epifauna in these habitats have a standing stock biomass of a few tens of grams AFDW per m 2 . A more important measure of the importance of epifauna to the trophic structure in these habitats would be secondary production, which was not measured in this study. Few significant differences were observed among the biomass data. In Virginia, there were no significant effects of habitat type, season, or their interaction on epifaunal biomass. In New Jersey, epifauna biomass was lower in the summer than in fall or spring and no differences were observed between habitat type or its interaction with season (Table 4) .
Epifaunal Community Structure
Nonmetric multidimensional scaling plots revealed differences in epifaunal community structure in Virginia across season and habitat type (Fig. 7A) . Analysis of similarity confirmed these differences among seasons (R ¼ 0.60, significance level ¼ 0.1%) and among habitat types, with communities on clam nets quite dissimilar from those on uncultivated and harvested sites (R ¼ 0.71, significance level ¼ 0.1%, in both cases) and less dissimilarity between uncultivated and harvested sites (R ¼ 0.37, significance level ¼ 0.1%). Similarity percentage analysis revealed that differences in epifaunal community structure on clam nets and those in uncultivated and harvest sites were primarily driven by high abundances of the decapods Hippolyte pleuracantha and, to a lesser extent, Crangon septemspinosa, and amphithoid amphipods associated with clam nets, and by the presence of the eastern mud snail Tritia obsoleta in the uncultivated and harvested sites.
For the New Jersey data, nMDS plots (Fig. 7B ) and ANOSIM revealed strong differences in epifaunal community structure among all seasons (R statistics ranging from 0.82 to 1.0, significance levels ¼ 0.1%-0.3%) and between communities associated with clam nets and those found in uncultivated (R ¼ 0.63, significance level ¼ 0.4%) and harvested sites (R ¼ 0.66, significance level ¼ 0.2%). Similarity percentage analysis revealed that differences in community structure among habitat types were primarily driven by high abundances of the amphipods (Ampelisca spp.) and mysid shrimp (Neomysis americana) at uncultivated and harvested sites relative to the cultivated sites, and to the threeline mud snail (Tritia trivata) that was found in greater abundance in cultivated sites than the others.
Macroalgal Biomass
In Virginia, there was a clear pattern of variation in macroalgal biomass across habitat type (Fig. 8A) . Macroalgae generally forms dense, though somewhat patchy, mats on the predator exclusion nets on clam farms throughout Virginia from early April through early November (Luckenbach, personal observation). Clam nets maintained algal mats throughout this study (April-October). Raw and transformed data on macroalgal biomass from Virginia failed to meet the assumptions of ANOVA, so separate nonparametric Kruskal-Wallis tests were run for effects of habitat type and season. Habitat type had a significant effect on algal biomass, with clam culture areas having higher biomass than either harvested or uncultivated areas. There was no significant effect of season (Table 4) . Two-way ANOVA on the data from New Jersey revealed a significant interaction between the main effects, so the data were parsed and separate one-way ANOVA were run for the effects of habitat type within each season and the effects of season within each habitat type (Table 4) . A Kruskal-Wallis test indicated a significant effect of habitat type during the spring (Table 4) , although a TukeyÕs test was unable to detect significant differences in pairwise comparisons between these habitats, it is clear that greater macroalgal biomass in the samples from the clam nets are responsible for this effect (Fig.  8B) . No significant effects of habitat type were observed during any other season (Table 4) . A significant effect of season on macroalgal biomass in the New Jersey samples was observed only within the harvested areas, where the fall had greater values than the spring and summer (Table 4) .
Macroalgal Species Richness
A total of 10 macroalgal taxa were collected throughout the course of the study (Appendix, Table A1 ). The mean number of species collected in a single sample generally ranged between one and four (Fig. 8C, D) . No significant effects of season or habitat type on macroalgal species richness were observed (Table 4) . During the spring and summer, macroalgal species richness was greatest in the clam culture areas, but this pattern was not seen in the fall when there were no differences in macroalgal species richness between habitat types (Table 4) . Significant, but different, effects of season were observed in the clam culture areas and the uncultivated areas, with the former having greatest species richness in the spring and the latter in the fall (Table 4) . Two-way ANOVA on the New Jersey data also revealed a significant interaction between habitat type and season on macroalgal species richness, so separate one-way tests were run. No significant effects of habitat type on macroalgal species richness were observed during any of the seasons in these analyses. Within the clam culture area, there was a significant effect of season, with spring having the highest richness and summer having the lowest (Table 4) .
Benthic Cores
Species Richness
Infaunal communities were dominated by polychaetes, amphipods, and molluscs, with some obvious differences between sites and habitat types (Table 5) .
When cultured clams were included in the analysis (Table 5) , they were the dominant component of the infaunal community under nets with older clams. They constitute a smaller proportion of the infaunal community with younger (0-1 y class) clams, and in harvested areas and between the rows on clam farms. In Virginia, areas not under clam nets were numerically dominated by the cellophane tubeworm Spiochaetopterus costarum oculatus (Webster, 1879), whereas in New Jersey ampeliscid amphipods (Ampelisca spp.) dominated these habitats.
Mean species richness by site and habitat ranged from 1.3 in harvested areas in New Jersey to 3.8 at the uncultivated areas in Virginia, but there were high variances in these estimates because of the patchy distribution of species (Fig. 9A, B) . Both raw and transformed data from Virginia failed to meet the assumption of normality, so a Kruskal-Wallis test was conducted for the effects of habitat type on infaunal macrobenthic species diversity. This test revealed a significant effect of habitat type (Table 5) . Pairwise multiple comparison tests revealed that uncultivated areas and areas under clam nets did not differ from one another in species richness and that both had significantly higher species richness than the rows between clam beds and harvested areas (Fig. 9A) . For the New Jersey data, one-way ANOVA failed to detect a significant difference in species richness between habitat types (Table 5) .
When cultured clams were included in the analyses of Virginia data, species richness in the uncultivated and clam areas were comparable and generally higher than in other habitats (Table 5) . In New Jersey, no effects of habitat type on species richness were observed when cultured clams were either included or excluded from the analyses (Table 5) .
Macrofaunal Abundance
Mean macrofaunal abundance was lowest in the recently harvested areas and greatest in the uncultivated areas, ranging from 361 to over 3,500 individuals/m 2 in Virginia (Fig. 9C ) and from 148 to nearly 8,000 individuals/m 2 in New Jersey (Fig.  9D) . The high number in New Jersey was due exclusively to ampeliscid amphipods. In Virginia, when cultured clams are included in the analysis, macrofaunal abundance varied significantly across habitat type, with the uncultivated areas having greater abundance of macrobenthic infauna than the other habitat types (Table 5) . When cultured clams are excluded from the analysis, infaunal abundance in the uncultivated areas in Virginia was significantly greater than in other areas (Table 5) . In New Jersey, no differences were observed when cultured clams were included in the analyses and uncultivated areas were greater than harvest areas when clams were excluded (Table 5) .
Macrofaunal Biomass
Biomass of macrobenthic infauna in Virginia followed a slightly different pattern than abundance. When cultured clams were included in the analysis of data from Virginia, there was a significant effect of habitat type with clam beds having significantly greater biomass than the other areas (Table 5) . When cultured clams were excluded from the analysis, uncultivated areas and areas under the clam nets had similar infaunal biomass, and both of these had significantly greater biomass than the harvested areas. The rows and harvested areas were not different from each other and had the lowest biomass (Table 5 ). In New Jersey, when cultured clams are included in the analysis, clam beds with old clams (>1 y old) and ones with young clams (<1 y old) had comparable biomass and were generally greater than other habitats (Table 5) . When cultured clams were excluded from the analyses, only the areas with old clams and recently harvested areas had significantly different total infaunal biomass (Table 5) . Variability was extremely high between replicate samples and analyses based on ranked data (Table 5 ) overlook much of this variability.
Macrofaunal Community Structure
Nonmetric multidimensional scaling plots (not shown) and ANOSIM revealed a high degree of dissimilarity in infaunal macrobenthos community structure in Virginia between uncultivated sites and under clam nets (R ¼ 1.0, significance level ¼ 10%) and between uncultivated and harvested sites (R ¼ 0.93, significance level ¼ 10%), and a lesser degree between harvested sites and under clam nets (R ¼ 0.52, significance level ¼ 10%). The remaining comparisons of each site with the community between the rows in clam farm revealed higher similarity between groups (R # 0.26, significant level $ 20%). Similarity percentage analysis revealed that the observed differences in infaunal community structure in Virginia were associated with the polychaete Spiochaetopterus costarum oculatus that occurred in high abundance in the uncultivated sites, low abundance in harvested sites, and was absent under clam nets.
For the New Jersey data, nMDS plots (not shown) and ANOSIM revealed a high degree of dissimilarity between most sites tested, with uncultivated sites-old clam beds comparisons and old clam beds-young clam beds comparisons both having R ¼ 1, significance levels ¼ 10% and the remaining comparisons with R statistics between 0.7 and 0.85, significance levels ¼ 10%; the only exception being uncultivated sites and young clam beds, which had a high degree of similarity (R ¼ 0.22, significance level ¼ 30%). Similarity percentage analyses revealed that dissimilarity between infaunal communities in old clam beds and uncultivated sites, and young clam beds and harvested sites was largely the result of the greater abundances of orbinid and lumbrinerid polychaetes in the old clam sites and a greater abundance of Ampelisca sp. in the three latter sites.
DISCUSSION
The distribution, abundance, biomass, species richness, and community composition of nektonic, demersal, epibenthic, and infaunal organisms in cultivated and uncultivated shallow-water habitats in Virginia and New Jersey were examined in an effort to better understand the effects of intensive clam culture on estuarine communities. Using multiple gear types and sampling over several consecutive days in each of three seasons yielded a robust dataset for examining patterns of species occurrence in clam farms-including over, on, and under predator exclusions nets, in recently harvested areas within the farms, on nearby uncultivated bottom habitats, and between the rows of nets. Although clear differences in some response variables were observed among seasons, the most striking result was the small number of significant differences observed among habitat types. Of 39 response variables tested (21 in New Jersey and 18 in Virginia), the mean values associated with cultured clams (i.e., above, on, or under the clam nets) in 26 instances did not differ significantly from uncultivated areas during any of the seasonal samples, 4 had decreased values compared with uncultivated areas, and 8 had increased values relative to uncultivated areas during at least one season (Table 6 ). For harvested areas, 5 of the 39 response variables showed significant decreases relative to uncultivated areas during at least one season, with 33 having no significant differences throughout the study and one response, blue crab biomass, increasing in harvested areas relative to uncultivated areas (Table 6 ). Failure to reject the null hypothesis of no difference between clam culture sites and uncultivated areas for many of the biotic variables investigated raises the concern that this may be a reflection of low statistical power in the study. Lacking the required a priori variance estimates needed to make reasonable power estimates before initiating the study and recognizing that post hoc power estimation has been shown to be of limited value (Hoenig & Heisey 2001 , Levine & Ensom 2001 , confidence intervals were used as recommended by these authors and others to provide some evaluation of the adequacy of the sample size. In short, this method involves using the data to compute a 95% confidence interval around observed difference estimates for the variable of interest between treatment levels (e. g., epifaunal species richness in the summer suction samples from clam nets and uncultivated areas in New Jersey). If the confidence interval spans zero, the interpretation based on the available data is that the true difference between the parameters could include the null. These analyses were run for all of the parameter comparisons summarized in Table 6 with the result that in less than 10% of the cases in which there was a failure to reject the null did the confidence intervals fail to include the zero and in no instance was this observed in all seasons for any set of comparable difference estimates. This finding does not provide a true estimate of power, but does indicate that in more than 90% of the cases in which the null hypothesis was not rejected, the data collected provide high confidence that the null assertion of no difference could occur.
Significant seasonal effects were observed in all of the response variables except two, epifaunal biomass and macroalgal biomass, both in Virginia (Table 4) . Had sampling extended later into the fall or winter, when macroalgal cover on the nets is much lower (Luckenbach, personal observation), season would have become significant for both of these variables. This seasonal variation is expected, but it does indicate that the sampling design was sufficiently robust to identify these differences.
The most abundant species caught in the fyke and seine nets (silver perch, American eels, spot, Atlantic silversides, pigfish, black sea bass, and mature blue crabs) are those that move freely among the habitats that we sampled. The decreased fish abundance in fyke net samples in Virginia over cultivated and harvested habitats relative to uncultivated areas (Table 6 ) was observed only during summer samples (Fig. 4, Table 2 ) and was the result of capturing more silver perch at the uncultivated site. Though silver perch were collected in fyke net samples within the clam farms in both New Jersey and Virginia, it is possible that they have some preference for uncultivated areas; alternatively, the difference observed in Virginia may simply be a result of the schooling behavior of these fish and the chance collection of a few schools. Other less common fish, such as the naked goby Gobiosoma bosci (Lacep ede, 1800), the lined seahorse Hippocampus erectus (Perry, 1810), and northern pipefish Syngnathus fuscus (Storer, 1839), showed a greater affinity for the clam beds in response to the structure provided by the attached macroalgae.
Among epifauna, there was a clear shift, at least in Virginia, from a community dominated by mud snails and tube-building amphipods in uncultivated areas to a more diverse community with numerous errant amphipods (e.g., Gammaridae and Ampithoidae) and gastropods that graze on macroalgae and other epiphytes in the cultivated areas. Total epifauna abundance on clam nets in Virginia exceeded that in uncultivated areas in two out of three seasons (Fig. 6C, Table 4 ). Similar patterns were not observed in New Jersey (Fig. 6D, Table 4 ), likely reflecting the more equitable distribution of macroalgae across habitats discussed below.
Infaunal macrobenthos demonstrated the most significant responses in abundance and biomass to cultivation, likely as a result of physical disturbance associated with planting and harvesting as reported by Kaiser et al. (1998) and Spencer et al. (1998) , but also possibly due to bioturbation and competitive exclusion by the clam. Of course, when the cultured clams are included in these calculations, particularly for biomass, the pattern is reversed and clam sites have greater or equal values. In samples from the fall, infaunal biomass, inclusive of Mercenaria, was greater under the clam nets relative to uncultivated areas (Virginia: 381 g/m 2 under nets, 15 g/m 2 in uncultivated areas; New Jersey: 287 g/m 2 under nets with >1-y-old clams, 51 g/m 2 in uncultivated areas). There are several important differences between the sites and culture practices in Virginia and New Jersey, which may have contributed to differences we observed in abundance of epibenthic and infaunal organisms. First, the New Jersey site is in a coastal bay system with extensive Spartina marsh and a tidal range greater than1 m. High turbidity, coupled with the subtidal depth of the clam beds throughout much of the tidal cycle, likely results in light limitation for macroalgal growth. As a result, the macroalgal biomass in New Jersey only exceeded 50 g AFDW/ m 2 once during the fall sampling period (Fig. 8D) . Macroalgae was also distributed across habitat types with moderate abundances in harvested and uncultivated areas. In contrast, the Virginia site is a tidally dominated tributary of the Chesapeake Bay with only small fringing marshes, excellent water clarity, and a tidal amplitude of less than 1 m. As a result, dense macroalgae mats develop on top of the nets from spring through fall, reaching nearly 200 g AFDW/m 2 in the spring and summer (Fig. 8C) . These mats are often so dense that they obstruct flow to the clams and the culturists find it necessary to sweep the nets clean. In New Jersey, the nets are less often swept to remove macroalgae, but they are swept to remove Ampelisca spp. and their tubes. Only small amounts of macroalgae were found in uncultivated and harvested areas in Virginia, whereas in New Jersey, a large component of the macroalgal community is composed of an unattached drifting assemblage (Kraeuter, personal observation) that moves throughout the area. Additionally, the clam farms in this study differed in scale. In New Jersey, sampling was conducted on a farm with approximately 100 beds measuring 4.2 m 3 5.1 m. The scale of the clam farm in Virginia was much larger, with over 1,000 beds measuring 4 m 3 17 m. The combination of these factors makes the benthic habitat on the Virginia farm more distinctly different from uncultivated areas, than is the case in New Jersey. Specifically, the benthic macrofauna in the Virginia farm is much more dominated by epifauna compared with infauna in uncultivated areas; a pattern that not as evident in New Jersey.
Numerous studies have examined the utilization by fishes and invertebrates of structured habitats such as seagrass meadows and oyster reefs in intertidal and shallow subtidal estuarine environments (e.g., Heck et al. 2003 , Bostrom et al. 2006 , Hosack et al. 2006 , Horinouchi 2007 ) and generally found differences in community structure compared with unstructured environments, including elevated abundances and species richness. The effects of structure associated with shellfish aquaculture are less well studied (but see McDonald et al. 2015 . In the only similar study with Mercenaria mercenaria, Powers et al. (2007) examined the Linnaeus, 1753) and Halodule wrightii (Ascherson, 1868)] and barren sandflat habitats. They found that the macroalgae/ epifaunal mats had similar biomass to that of natural seagrass habitats, and that both structured habitats supported elevated abundances of motile invertebrates and juvenile fishes relative to the unstructured sandflat. Although elevated abundances of epifauna associated with macroalgal mats on clam beds relative to uncultivated sites were observed in Virginia in the present study, similar patterns were not observed for fish abundance or epifaunal abundance in New Jersey (Table 6 ). These differences between findings of the present study and that of Powers et al. (2007) were attributed to several factors. First, the netting on their experimental plots was not cleaned during the 21-mo duration of their sampling; whereas in Virginia, the nets on the commercial clam farm were periodically cleaned by the farmer to reduce obstruction of flow. As previously noted in New Jersey, macroalgae was sparser than in Virginia (and North Carolina) and distributed across the habitat types. Second, Powers et al. targeted primarily juvenile fishes and motile crustaceans with their seine samples, whereas this study used fyke net arrays targeting adult fishes, suction sampling of epibenthos, and core sampling of infaunal macrobenthos. Other uncharacterized habitat differences may have also played a role. Although the present study found four cases of negative responses (i.e., the response variable lower above, on, or in clam beds relative uncultivated sites), similar to Powers et al. it found positive responses in eight of other response variables (Table 6 ). In a series of publications, Spencer et al. (1996 Spencer et al. ( , 1997 Spencer et al. ( , 1998 ) examined the effects of cultivation of Manila clams from the early seeding stage through harvest on infaunal macrobenthos and found that some species increased in abundance, whereas others declined in clam beds relative to control sites and that recovery following harvest was generally rapid. Of 30 tests among infauna, the present study observed negative responses (clam beds or harvested areas or between rows less than uncultivated sites) in 11, and only 3 negative and 7 positive effects on fishes, epifauna, and macroalgae (Table 6) . Recent studies by VanBlaricom et al. (2015) and McDonald et al. (2015) focused on the harvest and culture phases of geoduck Panopea generosa, respectively, on intertidal beaches in Washington State. They observed strong seasonal effects on infaunal and epifaunal macrobenthic community structure, but little to no effect associated with the clam culture. With the exception of a few groups like flatfish, fishes and motile macroinvertebrates had greater abundances at culture sites relative to uncultivated reference sites . Though culture techniques differ substantially between Manila clams, geoduck, and hard clam aquaculture, modest impacts to most infaunal, epifaunal, demersal, and nektonic species are consistent across these studies.
Though this study does not provide data on habitat-specific trophic linkages, it suggests that the reduced availability of infaunal prey for higher trophic levels (both as a result of predator exclusion nets and reduced abundances) on clam farms is offset by an increase in epibenthic prey for demersal feeding fishes and crustaceans. Future research should quantify the trophic linkages and energy transfer between trophic levels on and around clam farms. In the meantime, these findings suggest that utilization of clam farms by estuarine fish and crustacean assemblages is comparable to that of uncultivated areas.
